The next stage of CO2CRC Otway project involves injection of a small amount (around 15,000 tonnes) of CO2/CH4 gas mixture into saline aquifer (Paaratte formation) at a depth of ~1.5 km. The seismic timelapse signal will depend largely on the formation properties and the injection scenario, but is likely to be relatively weak. In order to improve time-lapse seismic monitoring capabilities by decreasing the noise level, a buried receiver arrays can be used. A small-scale trial of such array was conducted at Otway site in June 2012. A set of 25 geophones was installed in 3 m deep boreholes in parallel to the same number of surface geophones. In addition, four geophones were placed into boreholes of 1 to 12 m depth. In order to assess the gain in signal-to-noise ratio and repeatability, both active and passive seismic surveys were carried out. The surveys were conducted in relatively poor weather conditions, with rain, strong wind and thunderstorms increasing the noise level. We found that noise level for buried geophones is on average 20 dB lower compared to the surface ones. Furthermore, the combination of active and passive experiments has allowed us to perform a detailed classification of various noise sources.
Introduction

CO2CRC
Otway project is Australia's first carbon dioxide geosequestration demonstration project. The first stage of the projects was completed in 2010 with ~65000 tonnes of CO 2 /CH 4 (80%/20%) gas mix being injected in the depleted gas reservoir at the depth of ~ 2km. The plan for the next stage of the project is a gas injection into a saline aquifer (Paaratte formation) at the depth of ~1.5 km. The monitoring program will be focused on a plume seismic detection which aims to test the effectiveness of time-lapse seismic monitoring as a method for a detection of injected CO 2 rich gas mixture in saline aquifers. The seismic time-lapse signal will depend largely on the formation properties and the injection scenario, but is likely to be relatively weak. In order to improve seismic monitoring efficiency we need to address time-lapse noise issue.
Repeatability of the land data is affected by the ambient noise (ex. weather conditions, machinery), variation of the source generated noise pattern, seasonal velocity variations in a shallow part, sourcereceiver positioning, variations in acquisition parameters, geophone coupling, etc. These factors will decrease time-lapse signal-to-noise ratio and could bring the signal below the detectable level. Our previous studies conducted for the Otway site (Pevzner et al., 2011) indicate ambient noise as one of the main contributors. One of the most effective solutions addressing this is a permanent installation of buried receivers (Bakulin, 2012) .
A small scale trial of such array was conducted at the CO2CRC Otway site as a benchmark test prior to 4D data acquisition. The main objectives of the test were to quantify the SNR improvements that can be realized by deploying a permanent seismic installation, to determine optimal sensor configuration that maximizes SNR, and to study site specific noise patterns for further enhancement of 4D signal.
A set of 25 geophones was installed in 3m deep boreholes parallel to the same number of surface geophones. In addition four geophones were placed in boreholes 1-12 m depth. In order to assess the gain in S/N ratio and repeatability and examine the site-specific noise pattern, both active and passive seismic surveys were carried out.
Permanent receiver array design
Figure 1 Position of the trial permanent installation (left) and borehole construction details and surface location (right).
The trial installation of the permanent receiver array was composed of 25 pairs of buried and standard surface geophones. The boreholes were drilled to the depth of 3 m with the use of an auger drill rig. The surface positions (SP 1-25) were spaced 10 m apart along the fence line parallel to Brumby's Lane on the edge of the CO2CRC lease (marked as orange line in Figure 1 (left)). These shallow boreholes were completed using PVC casing with an inner diameter of 70 mm. Granular sodium bentonite was used to seal the last 1 m of the annulus against surface runoffs. The geophones were placed on the end of a planting pole and lowered down each hole. After fixing the geophone in place the PVC casing was cut and cupped to prevent accidental contamination of the bores. 25 standard 40 Hz geophones were also hand-planted on the surface parallel to the line of 3 m bores (Figure 1 (right)).
Four additional shallow boreholes were drilled in a cluster at the surface position SP 6 (marked with a red dot, Figure 1 (left)) and four additional receivers were buried at the depth of 1, 6, 9 and 12 m respectively.
The permanent receiver installation was used for the active and passive data recording. The field spread for an active experiment was composed of a shot line placed perpendicular to the receiver line and oriented along Soda Road in SN direction (marked as blue line in Figure 1 ). The line was first shot in SN direction and then back in NS direction. 150 shots placed 10 m apart were acquired with a weight drop source mounted on a bobcat. The geophones were live for all 300 shots for both passes, and recorded three seconds of data at one millisecond sample rate.
The data has been also passively recorded with the same receiver spread as in the active experiment. Each of twenty-five surface positions at 10 meter spacing includes a pair of geophones -one buried to the depth of 3 m and one placed at the surface. All the geophones were recording data almost continuously at 1 ms sample rate for ~22 hours starting at 15:26, June 21 and finishing at 13:15, June 22. The trace length is 60s. The total time of recorded data is 17.5 hours.
Active Experiment
The initial processing of the data acquired during active part of the experiment included a manual trace editing and DC component removal. The seismogram recorded with borehole and surface geophones at the same surface positions (SP 1) displays visible overall changes in SNR (Figure 1 ). 
Figure 2 An example of raw common receiver point (CRP) seismograms acquired at SP 1 with borehole and surface geophones and the corresponding NRMS (%) values.
To evaluate repeatability of borehole and surface geophones we computed the normalized-root-meansquare (NRMS) difference in a sliding window 60 ms for each pair of corresponding traces at the same surface location acquired at pass 1 and pass 2, using the following equation (Kragh and Christie, 2002) , where a and b represents two passes of the data recording:
An example of NMRS (%) parameter values for borehole and surface geophones from the same locations (SP 1) is shown in Figure 2 . The borehole geophone displays a better repeatability as compared to the surface one. The repeatability also decays more rapidly with time for the surface geophones, especially at times >1 s.
Average NRMS (%) values were then estimated in three gates around direct, reflected and surface waves for surface and borehole geophones. In general, the average NRMS values are lower for the borehole geophones by almost factor of two (Figure 3 , right) for main seismic events -direct, reflected and surface waves. The best repeatability can be observed for the direct wave for both geophones: 20% and 53%, respectively. It slightly decreases for the reflected wave to 42% and 73%, respectively. The ground roll is less repeatable. It goes up to 64% and 101% respectively.
NRMS (%) was also analysed for the different depth of geophone placement. The surface and 1m depth geophones display almost the same repeatability for the direct wave whereas the repeatability of the reflected wave decreases at 1m (Figure 3 right) . We observe a slight gain in repeatability of the ground roll as even 1m is enough to suppress surface noises. Slight decrease in repeatability for the 9-12 m deep geophones is likely to be attributed to geophone coupling-related issues. Figure 4 displays the maps of the average absolute amplitudes in dB (displayed as colour code) for the surface and borehole geophones with the time along X-axis and the surface position along Y-axis. We observe that the level of background noise is higher for the surface geophones and has a more uneven distribution, whereas the noise recorded with the borehole geophones is mostly consistent. A histogram of the noise attenuation for the surface and buried geophones confirms a difference in 20-30 dB (Figure 3, right) . We also characterize the noise patterns on the both sections and identify the different events associated with weather conditions such as wind gusts and rains, heavy vehicles and farming machinery. th EAGE Conference & Exhibition incorporating SPE EUROPEC 2013 London, UK, 10-13 June 2013
Figure 3 Left -Average NRMS (%) values for borehole (shown in blue) and surface (shown in purple) geophones for different seismic event: direct wave (top), reflected wave (middle) and ground roll (bottom). Right -A changing of NRMS values (%) with depth of geophone placement for the main seismic events.
Passive Experiment
Figure 4 The maps of average absolute amplitudes in dB for the surface and borehole geophones (left) and a histogram of the noise attenuation (right).
Conclusions
A comprehensive seismic trial experiment including both active and passive data recording was conducted on-shore at Otway site in Victoria, Australia. The site specific limitations such as a restricted area access, strong variation in source generated noise and relatively weak 4D signal forced us to search for advanced methods of the data acquisition.
The conducted experiment shows that the use of permanent buried geophone array is the way to reduce the influence of the non-repeatable ground roll and other surface noises, and thereby to increase signal-to-noise ratio (up to 20-30 dB) and double the repeatability level of the data. This, in turn, increases the overall sensitivity of 4D on-shore seismic and makes its results more precise and reliable. Although the permanent installation may be costly, it also provides the additional information on the background noise may be then used to enhance 4D signal by the directional noise attenuation.
